For most organisms, chromosome segregation during meiosis relies on deliberate induction of DNA double-strand breaks (DSBs) and repair of a subset of these DSBs as inter-homolog crossovers (COs). However, timing and levels of DSB formation must be tightly controlled to avoid jeopardizing genome integrity. Here we identify the DSB-2 protein, which is required for efficient DSB formation during C. elegans meiosis but is dispensable for later steps of meiotic recombination. DSB-2 localizes to chromatin during the time of DSB formation, and its disappearance coincides with a decline in RAD-51 foci marking early recombination intermediates and precedes appearance of COSA-1 foci marking CO-designated sites. These and other data suggest that DSB-2 and its paralog DSB-1 promote competence for DSB formation. Further, immunofluorescence analyses of wild-type gonads and various meiotic mutants reveal that association of DSB-2 with chromatin is coordinated with multiple distinct aspects of the meiotic program, including the phosphorylation state of nuclear envelope protein SUN-1 and dependence on RAD-50 to load the RAD-51 recombinase at DSB sites. Moreover, association of DSB-2 with chromatin is prolonged in mutants impaired for either DSB formation or formation of downstream CO intermediates. These and other data suggest that association of DSB-2 with chromatin is an indicator of competence for DSB formation, and that cells respond to a deficit of CO-competent recombination intermediates by prolonging the DSB-competent state. In the context of this model, we propose that formation of sufficient CO-competent intermediates engages a negative feedback response that leads to cessation of DSB formation as part of a major coordinated transition in meiotic prophase progression. The proposed negative feedback regulation of DSB formation simultaneously (1) ensures that sufficient DSBs are made to guarantee CO formation and (2) prevents excessive DSB levels that could have deleterious effects.
Introduction
For most diploid organisms, the formation of haploid gametes relies on crossover (CO) recombination between homologous chromosomes for accurate chromosome segregation. Recombination is initiated during meiotic prophase by the programmed induction of DNA double strand breaks (DSBs), catalyzed by the evolutionarily conserved topoisomerase-like protein Spo11 [1] . A subset of these DSBs are repaired by a specialized meiotic DSB repair pathway that uses the homolog as a recombination partner and generates intermediates that can be resolved as COs. This specialized repair is completed during the pachytene stage of meiotic prophase, in the context of meiosis-specific chromosome organization in which homologs are paired and connected along their axes by a structure known as the synaptonemal complex (SC). By the last stage of meiotic prophase (diakinesis), the SC has disassembled, and chromosomes have further condensed and reorganized to reveal CO-dependent structures called chiasmata, which connect homologous chromosomes and allow them to orient and segregate to opposite poles at the meiosis I division [2] . DSB formation must be tightly regulated to ensure successful meiosis: cells must both turn on DSB formation to achieve interhomolog COs, but also turn off DSB formation to allow repair and subsequent chromosome re-organization in preparation for the meiotic divisions. Thus, DSB formation and repair must be coordinated with other aspects of meiotic chromosome dynamics. In addition, cells must make enough DSBs to guarantee one CO per chromosome pair, but too many DSBs could lead to unrepaired DNA damage and compromise genomic integrity.
While Spo11 catalyzes DSB formation, little is known about how Spo11 activity is regulated and how the timing and number of DSBs are controlled. Several proteins besides Spo11 are required for meiotic DSB formation in various systems, although their mode(s) of action are not well understood [3, 4, 5] . The highly conserved Rad50/Mre11 complex is required for DSB formation in some systems but not in others, and even in an organism where it is normally required (C. elegans), Spo11-dependent DSBs can form independently of Rad50/Mre11 in some contexts [6, 7] . Further, many of the known DSB-promoting proteins are not well conserved at the sequence level, showing rapid divergence even among closely related species [4] . In C. elegans, the chromatinassociated proteins HIM-17, XND-1, and HIM-5 have been implicated in promoting normal levels and/or timing of DSB formation, particularly on the X chromosomes [8, 9, 10] . These proteins localize to chromatin throughout the germ line and are proposed to exert their effects by modulating the chromatin environment to affect accessibility of the DSB machinery. However, the localization of these proteins is not limited to the time of DSB formation, suggesting that other factors must control when the DSB machinery is active.
In the current work, we identify the C. elegans DSB-2 protein (encoded by dsb-2, member of new gene class dsb for DNA doublestrand break factor) as a novel factor required specifically to promote the DSB step of meiotic recombination. We show that DSB-2 localizes to chromatin in meiotic prophase germ cells, and that the timing of its appearance and disappearance corresponds to the time window during which DSBs are formed. These and other data implicate DSB-2 in regulating the timing of competence for DSB formation by SPO-11. Further, we find that the presence of DSB-2 on chromatin is regulated coordinately with multiple distinct aspects of the meiotic program, including specialized meiotic DSB repair features and the phosphorylation state of nuclear envelope protein SUN-1. Thus, we propose that disappearance of DSB-2 reflects loss of competence for DSB formation, which occurs as part of a major coordinated transition in meiotic prophase progression. Moreover, our data suggest the existence of a regulatory network wherein germ cells can detect the presence or absence of downstream CO-eligible recombination intermediates. In the context of this model, successful formation of monitored intermediates would trigger removal of DSB-2 (and other factors) from chromatin and consequent shut-down of DSB formation, whereas a deficit of relevant intermediates would elicit a delay in DSB-2 removal (and in other aspects of meiotic progression). We propose that the negative feedback property inherent in such a regulatory network provides a means to ensure that sufficient DSBs are made to guarantee CO formation, while at the same time protecting the chromosomes against formation of excessive levels of DSBs that could jeopardize genomic integrity.
Results

Identification of dsb-2, a novel gene required for robust chiasma formation
The dsb-2(me96) allele was isolated following EMS mutagenesis in a screen for meiotic abnormalities visible in oocytes at diakinesis, the last stage of meiotic prophase (see Materials and Methods). Whereas WT oocyte nuclei consistently exhibit 6 pairs of homologous chromosomes attached by chiasmata (bivalents), oocyte nuclei in the dsb-2(me96) mutant exhibit a variable number of unattached (achiasmate) chromosomes (univalents), indicating a defect in chiasma formation ( Figure 1A ) resulting from an underlying defect in CO formation (below).
The me96 mutation was mapped to a 126 kb interval on chromosome II, and RNAi against F26H11.6 (a gene in the candidate interval) phenocopied the me96 mutant (Materials and Methods). Sequencing revealed a T-to-A transversion in F26H11.6 in the me96 mutant; as this mutation results in an early stop at codon 14 (TTA = .TAA) of F26H11.6 (280 codons total), me96 is presumed to be a null allele. A second, independently-isolated, dsb-2 allele (me97) contains a premature stop at codon 168 in the same gene, further confirming the identity of F26H11.6 as dsb-2.
Homology searches revealed an F26H11.6 paralog in C. elegans (F08G5.1), and genes encoding orthologs of both proteins were found in other Caenorhabditis species (briggsae, remanei and japonica) but were not identified in other organisms (Figures S1 and S2). Based on independent analyses implicating both genes in meiotic double-strand break formation [11] , F08G5.1 and F26H11.6 were designated as dsb-1 and dsb-2, respectively. Multiple sequence alignment of this highly diverged protein family shows two readily alignable regions corresponding to residues 1-103 and 195-251 of the C. elegans F26H11.6/DSB-2 protein, each containing several conserved sites ( Figure S1 ). These two regions are connected by a variable segment that in each protein contains an S/T Q cluster domain [12] , a feature suggesting that these proteins are potential targets for phosphorylation by the ATM/ATR family of protein kinases.
Chiasma/crossover formation defects in dsb-2 worms aggravate with age
The number of achiasmate chromosomes detected in diakinesisstage oocytes of dsb-2 mutant hermaphrodites increases with maternal age, indicating a worsening of phenotype over time ( Figure 1B ). Whereas adult dsb-2(me96) hermaphrodites fixed one day after the L4 larval stage (24 hours post-L4) had an average of 8.5 DAPI-stained bodies at diakinesis (reflecting a mixture of bivalents and univalents), 48 hour post-L4 hermaphrodites had an average of 11.1 DAPI bodies (indicating that nearly all chromosome pairs lacked chiasmata). Further, as lack of chiasmata connecting homologs results in mis-segregation of chromosomes, both the frequency of inviable embryos (reflecting autosomal aneuploidy) and the frequency of males (XO, reflecting X chromosome mis-segregation) produced by dsb-2(me96) hermaphrodites likewise increased with maternal age ( Figure 1C ):
Author Summary
Formation of haploid gametes during meiosis relies on deliberate induction of DNA double-strand breaks (DSBs), followed by repair of a subset of DSBs as crossovers between homologous chromosomes. Crossovers form the basis of connections that enable homologs to segregate toward opposite spindle poles at meiosis I, thereby reducing ploidy. Thus, germ cells must generate enough DSBs to guarantee a crossover for every chromosome pair while avoiding an excessive number of DSBs that might endanger their genomes. Here, we provide insight into how this crucial balance is achieved. We identify C. elegans DSB-2 as a key regulator of DSB formation, and we propose that its association with chromatin is an indicator of DSB competence. Disappearance of DSB-2 is part of a coordinated transition affecting multiple distinct aspects of the meiotic program, and failure to form crossovereligible recombination intermediates elicits a delay in DSB-2 removal and other transition events. Our data are consistent with a model in which meiotic DSB formation is governed by a negative feedback network wherein cells detect the presence of downstream crossover intermediates and respond by shutting down DSB formation, thereby ensuring that sufficient DSBs are made to guarantee crossovers while simultaneously minimizing the threat to genomic integrity.
frequencies rose from 27% dead embryos and 6% males on day 1 of egg-laying to 89% dead embryos and 29% males on day 3.
Age dependence of the dsb-2 mutant phenotype was also observed for the dsb-2(me97) allele, using GFP::COSA-1 as a cytological marker of crossover (CO) sites ( Figure 1D ). During wild-type meiosis, GFP::COSA-1 localizes to 6 foci per nucleus during the late pachytene and diplotene stages, marking the single CO/emerging chiasma on each homolog pair [13] . Whereas 6 GFP::COSA-1 foci were consistently observed in late pachytene nuclei of control worms regardless of maternal age, the number of GFP::COSA-1 foci was substantially reduced in dsb-2(me97) worms at 24 hours post-L4 and further declined by 48 hours post-L4 .
The age effect in dsb-2 mutants is not caused by persistence of maternal gene product in the germ line, as it was observed in homozygous mutant worms derived from either heterozygous parents or homozygous mutant parents (where no maternal product should be present). In addition, the age effect is evident at both standard (206C), and elevated (256C) growth temperatures.
Together, our data indicate that the function of DSB-2 is required throughout reproductive life to generate normal levels of COs and chiasmata, and becomes increasingly important for meiotic success in germ cell nuclei that enter the meiotic program at progressively later times. This implies that changes must occur as the worms age that render crossing over and chiasma formation increasingly sensitive to the loss of DSB-2 protein.
DSB-2 promotes meiotic DSB formation
Successful chiasma formation requires pairing of homologous chromosomes, assembly of the synaptonemal complex (SC), and CO recombination between the homologs. Homolog pairing and SC assembly are not dependent on initiation or progression of recombination during C. elegans meiosis [14] , facilitating investigation of potential involvement of DSB-2 in these events. To this end, we conducted immunofluorescence analyses on germ lines dissected from dsb-2 worms at 48 hours post-L4, when the CO/ chiasma deficit is severe. Several lines of evidence indicate that the lack of chiasmata in dsb-2 mutants is due to a defect in the initiation of meiotic recombination.
First, dsb-2 mutant worms are proficient for pairing of the X chromosomes, as immunofluorescence of pachytene nuclei showed a single focus of HIM-8, a protein that binds a specific region of the X chromosome known as the pairing center [15, 16] (Figure 2A ). Second, dsb-2 mutants are proficient for assembly of the SC, as immunostaining revealed proper loading of HIM-3 (an SC lateral element component) and SYP-1 (an SC central region component) [17, 18] along the lengths of aligned homologs ( Figure 2B ). Proficiency for pairing and synapsis suggests that dsb-2 mutants are deficient in the process of meiotic recombination per se.
Meiotic recombination is initiated by formation of DNA doublestrand breaks (DSBs) by the SPO-11 protein [14, 19] , followed by processing of these DSBs to enable loading of the DNA-strand exchange protein RAD-51, which can be detected as foci from zygotene to mid-pachytene stages in WT germlines [20, 21] . dsb-2 germ lines display greatly reduced levels of RAD-51 foci, with most nuclei having no foci ( Figure 2C ,D), suggesting either that fewer DSBs are made or that loading of RAD-51 is impaired. However, the dsb-2 mutant is proficient for loading of RAD-51 when DSBs are induced by gamma-irradiation, as seen by the presence of RAD-51 foci in germline nuclei fixed 1 hour postirradiation ( Figure 2C ).
Furthermore, irradiation bypasses the requirement for DSB-2 and restores chiasma formation ( Figure 2E ). It was previously shown that in C. elegans, providing DSBs by irradiation rescues chiasma formation in the spo-11 mutant, which lacks the enzyme responsible for making programmed DSBs [14, 22] . The same effect was seen upon irradiation of dsb-2 mutant worms, demonstrating that the chiasma defect in dsb-2 worms is a result of a defect in SPO-11-induced DSB formation. In both dsb-2 worms and age-matched spo-11 worms, 1 kRad of irradiation resulted in efficient restoration of chiasmata in diakinesis-stage oocytes examined 18 hours post-irradiation ( Figure 2E ). Thus DSB-2 is a novel protein required for robust meiotic DSB formation.
DSB-2 localizes to chromatin during the presumed timing of DSB formation
Immunofluorescence experiments using an antibody against the DSB-2 protein (Materials and Methods) showed that DSB-2 localizes to chromatin in germ cell nuclei from meiotic entry to mid-pachytene ( Figure 3A ). DSB-2 staining is first detected in the transition zone (TZ; corresponds to leptotene and zygotene stages, when pairing and SC assembly occur), and is strongest overall in early pachytene, where it localizes to chromatin in an uneven pattern, showing a few bright patches per nucleus as well as fainter stretches/foci associated with most of the chromatin. Towards mid-pachytene, the bright patches diminish and the chromatin signal fades and then disappears from most nuclei. However, in a subset of nuclei in the mid/late pachytene region, DSB-2 staining becomes brighter, with bright stretches/foci along most of the chromatin; a few of these ''outlier'' brightly-staining nuclei are present in later pachytene and likely represent nuclei destined for apoptosis (see Discussion).
Apart from the outlier nuclei, the ''DSB-2-positive'' region of the germ line corresponds to nuclei at the stages in which DSB formation is presumed to occur [8, 21] . Indeed, co-immunostain- ing experiments showed that RAD-51 foci (marking DSBdependent recombination intermediates) appear in nuclei shortly after DSB-2 staining appears on chromatin upon meiotic entry, and the RAD-51 foci disappear shortly after DSB-2 is no longer present on chromatin in mid-pachytene nuclei ( Figure 3C ). Previous work has demonstrated that germ cell nuclei at later stages of meiotic prophase are proficient to load RAD-51 when DSBs are introduced by irradiation [6] . Thus, the disappearance of RAD-51 foci in the endogenous case likely indicates that DSBs are no longer being formed and that existing DSBs have progressed to subsequent stages of repair. Indeed, we observe that COSA-1 foci marking designated CO intermediates appear in nuclei only after the removal of DSB-2 from chromatin ( Figure 3D ). In addition, the ''outlier'' bright-staining DSB-2 nuclei in late pachytene contain high levels of RAD-51 foci and lack COSA-1 foci, suggesting these nuclei are arrested in their Table showing average numbers of DAPI bodies in diakinesis-stage oocytes in dsb-2(me96) and spo-11 mutant worms with and without irradiation, showing restoration of chiasma formation by IR-induced DSBs. Worms were exposed to 1 kRad of gamma-irradiation at 36 hours post L4, and irradiated and age-matched controls were fixed and stained with DAPI 18 hours post irradiation. As in Figure 1A and B, the number of DAPI bodies reflects success or failure of chiasma formation: 12 indicates lack of chiasmata for all homolog pairs, and 6 indicates successful chiasma for all homolog pairs. This assay tends to underestimate the incidence of achiasmate chromosomes, as some lie too close together to be resolved. doi:10.1371/journal.pgen.1003674.g002 progression and may be triggering a checkpoint response. Thus, the close correspondence between the zone where DSB-2 localizes on chromatin and the zone where RAD-51 foci are detected is not only consistent with the demonstrated role for DSB-2 in promoting DSB formation, but further suggests that loss of DSB-2 coincides with loss of competence for DSB formation and progression to a subsequent stage of DSB repair.
Relationship of DSB-2 to other factors promoting DSB formation
We used immunofluorescence analyses to investigate the relationships between DSB-2 and other meiotic factors that act at the DSB formation step. Figure 4 shows the relationship between DSB-2 and its paralog DSB-1, which was independently implicated in DSB formation [11] . Nuclear localization of DSB-1 and DSB-2 is detected in the same region of the gonad, and their staining patterns on chromatin have a similar appearance ( Figure 4A ). However, the relative intensity patterns of the two proteins differ during meiotic progression. Within the gonad, DSB-1 signal is detected on nuclei slightly before DSB-2 and has a stronger intensity early on, which then declines as nuclei progress through pachytene (except for the outlier nuclei); DSB-2 signal is weaker early on and peaks in intensity later than DSB-1 before eventually declining. Both proteins disappear from nuclei at the same time, and both localize to the same outlier nuclei. Within each nucleus, the intensity patterns on chromatin are also different, such that the DSB-1 and DSB-2 signals partially overlap but do not match each other (Fig. 4A inset) .
Whereas DSB-2 localization is abolished in dsb-1 mutant germ lines [11] , some DSB-1 protein is present on chromatin in the dsb-2 mutant ( Figure 4B ,C). DSB-1 staining in dsb-2 young adult germ lines (12 hours post-L4) appears comparable to age-matched wild-type controls despite that fact that RAD-51 foci are already substantially diminished by this stage; this indicates that the presence of DSB-1 on chromatin is not sufficient to promote efficient DSB formation in the absence of DSB-2. Further, the association of residual DSB-1 protein in the dsb-2 mutant appears to change with age, as DSB-1 staining in older dsb-2 germ lines (48 hours post-L4) is typically fainter and declines and disappears sooner than in WT. Together these data suggest that DSB-2 may be required to augment the DSB-promoting activity of DSB-1, possibly by affecting the nature of its association with chromatin, and that the reliance on DSB-2 for this augmentation becomes more acute with increasing age.
We further showed that DSB-2 localizes to chromatin independently of DSB formation, indicating that DSB-2 localization is not a consequence of DSB formation. Specifically, in spo-11 mutants, which lack endogenous DSBs, DSB-2 is detected on chromosomes in transition zone and pachytene nuclei, and the overall appearance of the staining within nuclei is similar to that in WT nuclei. However, DSB-2 association with chromatin extends further into late pachytene, suggesting that endogenous DSB formation affects timing of DSB-2 removal ( Figure 5A ; see below).
Finally, we assessed DSB-2 localization in germ lines lacking HIM-17, a THAP-domain containing protein that associates with germline chromatin and is required for normal levels of meiotic DSB formation [8] . In him-17 mutant germ lines, DSB-2 is detected on chromatin in nuclei from transition zone to late pachytene ( Figure 5B ), but the DSB-2 signal has an altered appearance within the nuclei: the bright patches characteristic of DSB-2 localization in WT germ cells are not observed, and DSB-2 instead displays only the fainter, more uniform distribution ( Figure 5C ). Thus, improper localization of DSB-2 may contribute to the observed defect in DSB formation in him-17 mutants. Taken together, these data suggest that association of DSB-2 and DSB-1 with chromatin is required to regulate competence for DSB formation by SPO-11.
DSB-2 localization to chromatin is CHK-2 dependent and correlates with Ser-8 phosphorylation of nuclear envelope protein SUN-1
The distribution of DSB-2 positive nuclei within the germ line is similar to that reported for nuclei exhibiting phosphorylation of serine-8 of nuclear envelope (NE) protein SUN-1 [23] . SUN-1 is a part of a conserved protein complex that spans the NE and mediates attachment of the chromosomes to the cytoskeletal motility machinery [24, 25] . Although the SUN-1 protein is present throughout the germ line, SUN-1 S8P is detected only in a subset of nuclei during meiotic prophase [23] : SUN-1 S8P appears abruptly at the onset of meiotic prophase, with TZ nuclei exhibiting both bright SUN-1 S8P patches, corresponding to the chromosome attachment points that mediate chromosome movement, and a diffuse SUN-1 S8P staining throughout the NE; in early pachytene, the patches dissipate (except for one), but the diffuse NE staining persists, weakening until it disappears around mid-pachytene; however, a few outlier nuclei maintain SUN-1 S8P staining in later pachytene ( Figure 3A and B) [26] .
Co-staining experiments revealed that DSB-2 and SUN-1 S8P tend to be detected in the same nuclei ( Figure 3A ). The relative Figure 3 . DSB-2 localizes to chromatin in early meiotic prophase nuclei, concurrent with DSB marker and SUN-1 Ser8-phosphorylation. (A) Immunofluorescence image of a WT hermaphrodite gonad (from distal tip to end of pachytene) stained with DAPI and antibodies that recognize DSB-2 and SUN-1 S8P. In this and all subsequent figures, the distal tip (which contains mitotically cycling germ cells) is at the left, and meiotic progression is from left to right. DSB-2 first appears on chromatin at meiotic onset in transition zone nuclei (corresponding to the leptotene/zygotene stages of meiotic prophase) and disappears around mid-pachytene stage of meiotic prophase, with a few outlier nuclei retaining DSB-2 in later pachytene. Here and in subsequent figures, yellow lines demarcate the ''DSB-2-positive'' zone and a cyan line marks the end of the pachytene zone. Co-staining shows correlation between DSB-2-positive and SUN-1 S8P-positive meiotic nuclei. (Note: SUN-1 S8P is also present in a few pre-meiotic nuclei; [23] ). A close-up of the large box is shown in Figure 5C . Scale bar, 15 mm. (B) Close-up of nuclei outlined by the small box in (A). DSB-2 localizes to a few bright patches/foci, as well as fainter stretches/foci along the entire chromatin (see also Fig. 5C ). As nuclei reach midpachytene, the DSB-2 signal becomes fainter (narrow arrowhead), however in some nuclei signal gets brighter along most of chromatin (broad arrowhead). (C) Immunofluorescence image of a WT hermaphrodite gonad from entry into meiotic prophase to mid-to-late pachytene, stained with antibodies that recognize DSB-2 and RAD-51. RAD-51 foci (marking processed DSBs) appear in nuclei shortly after DSB-2 staining appears on chromatin upon meiotic entry, and the RAD-51 foci disappear shortly after DSB-2 is no longer present on chromatin in mid-pachytene nuclei. Inset shows that RAD-51 foci mostly do not co-localize with concentrated DSB-2. DSB-2-bright outlier nuclei in late pachytene contain high levels of RAD-51 foci. Scale bar, 15 mm. (D) Immunofluorescence image of the early mid-pachytene to late pachytene region of a WT hermaphrodite gonad expressing GFP::COSA-1 (strain AV630), stained with antibodies that recognize DSB-2 and GFP. COSA-1 foci marking designated CO sites appear in nuclei only after the removal of DSB-2 from chromatin; DSB-2-bright outlier nuclei in the late pachytene region lack COSA-1 foci, even when COSA-1 foci are present in neighboring nuclei. Close-ups are shown in insets. Scale bar, 15 mm. doi:10.1371/journal.pgen.1003674.g003 intensity patterns are different, with SUN-1 S8P exhibiting a much stronger signal in the TZ, and showing generally weaker signal towards mid-pachytene when compared with DSB-2 ( Figure 3A) . Most outlier nuclei are bright for both marks, but some are bright only for one of the marks and weak for the other. Nevertheless, the correlation is striking, suggesting that these two features (presence of DSB-2 on chromatin and of SUN-1 S8P on the NE) may be coregulated.
In support of this hypothesis, we found that DSB-2 localization depends on the CHK-2 protein kinase. CHK-2 was previously shown to be required for several early prophase events including DSB formation, homolog pairing and synapsis, reorganization of chromosomes within the nucleus, chromosome movement, and associated phosphorylation of SUN-1 [23, 24, 27, 28] . We found that both DSB-2 staining and SUN-1 S8P (in early meiotic prophase) were severely reduced or absent in chk-2 mutant gonads ( Figure 6B ), indicating that CHK-2 represents a common regulator of these two distinct features of the meiotic program. Although chromatin-associated DSB-2 staining was not observed by immunofluorescence, Western blot analysis indicated that the DSB-2 protein is expressed in the chk-2 mutant ( Figure 6B ).
Whereas localization of DSB-2 on chromatin and Ser-8 phosphorylation of SUN-1 at the NE in meiotic prophase nuclei tend to be correlated, they do not depend on each other. SUN-1 S8P immunostaining is present on meiotic prophase nuclei in dsb-2 mutant worms, and the zone of SUN-1 S8P-positive nuclei is extended into later pachytene ( Figure 6A, see below) . Conversely, DSB-2 is able to load on chromatin in nuclei in sun-1(gk199) null mutant germ lines despite severe defects in germline organization and abnormal chromosome morphology (data not shown). Thus, these two features appear to be independent downstream readouts of CHK-2 activity in meiosis. Together, our data suggest that CHK-2 coordinates the meiotic program by acting as a common upstream regulator of two parallel pathways, thereby linking competence for DSB formation (mediated through DSB-2) with chromosome and NE dynamics (mediated through SUN-1 S8P).
The correlation between DSB-2 and SUN-1 S8P was also tested in him-19 mutants, which show an age-dependent pleiotropic phenotype that includes multiple defects (in DSB formation, chromosome clustering and movement in TZ, pairing and synapsis) that are hypothesized to result from mis-regulation of CHK-2 activity [29] . In 2-day old him-19 worms, SUN-1 S8P is missing from most of the TZ and early pachytene regions, but is present on a few scattered nuclei [23] that are also positive for DSB-2 ( Figure 6C ), consistent with these two features being controlled by common factors including CHK-2.
DSB-2 and SUN-1 S8P persist when CO recombination is impaired
The removal of DSB-2 and SUN-1 S8P at mid-pachytene during WT meiosis, concurrent with the timing of disappearance of RAD-51 foci, led us to hypothesize the existence of a coordinated regulatory mechanism that simultaneously shuts down competence for DSB formation and changes other properties of the nucleus as it enters another stage of meiotic progression. In spo-11 and him-17 mutants, the zone of DSB-2 and SUN-1 S8P marked nuclei was extended beyond what was seen in WT ( Figure 5A and B, Figure 7) ; extension of the SUN-1 S8P-positive zone in the spo-11 mutant was also reported by Woglar et al. [26] . In addition, in dsb-2 mutants, the zone of SUN-1 S8P staining was also prolonged (Figures 6A, 7) . All of these mutants have defective DSB formation, and thus lack or have a deficit of downstream recombination intermediates and COs. We hypothesized that the deficit of appropriate recombination intermediates prolonged the zone of nuclei marked by DSB-2 and SUN-1 S8P.
To test this hypothesis, we analyzed DSB-2 and SUN-1 S8P staining in several classes of meiotic mutants.
We tested mutants lacking proteins involved in early steps of DSB processing and repair: the rad50 mutant, which lacks the RAD-50 protein that has been implicated in meiotic DSB formation, DSB resection and RAD51 loading [6, 30] ; the rad51 mutant, which lacks the RAD-51 recombinase that catalyzes strand exchange [20] ; and the rad54 mutant, in which unloading of RAD-51 and progression of DSB repair are disrupted [31] . We found that in all of these mutants, DSB-2 and SUN-1 S8P staining are extended over most of the pachytene region (which also tends to be smaller than in WT gonads) (Figures 8, 7 ). This prolonged staining in mutants defective in DSB formation, processing, and repair suggests that such mutants lack the signals that would normally trigger removal of DSB-2 and SUN-1 S8P.
We next assessed zhp-3, msh-5, and cosa-1 mutants, which have a specific defect in CO formation. These mutants are proficient for homolog pairing and synapsis and can initiate and repair DSBs, but not as COs [13, 21, 22, 32] . All of these mutants showed an extended zone of DSB-2 and SUN-1 S8P staining (Figure 9 B, C, D) , thus suggesting that lack of the CO-eligible recombination intermediates that depend on ZHP-3, MSH-5 and COSA-1 will prolong DSB-2 localization to chromatin and phosphorylation of SUN-1 S8.
Finally, we tested whether meiosis-specific chromosome structures are required to mediate the persistence of DSB-2 and SUN-1 S8P when CO-eligible inter-homolog recombination intermediates are reduced or lacking. We first examined the syp-1 mutant, which loads chromosome axis proteins but lacks a key structural component of the central region of the synaptonemal complex, and thus cannot establish synapsis between homologs [18] . In this mutant, DSB-dependent RAD-51 foci form and persist at elevated levels before disappearing at the very end of pachytene, and COs do not form [18, 21] ; in addition, chromosome clustering, chromosome movement and SUN-1 phosphorylation are all greatly prolonged [18, 26, 28, 33] . We found that DSB-2 and SUN-1 S8P staining were both extended to the end of the pachytene region in the syp-1 mutant ( Figure 9A ). Thus, lack of SYP proteins leads to both lack of inter-homolog COs and prolonged DSB-2 and SUN-1 S8P staining.
In contrast, lack of HORMA domain chromosome axis proteins HTP-1 or HTP-3 does not lead to extended DSB-2 or SUN-1 S8P staining in the respective mutant gonads, despite a lack or severe deficit of inter-homolog COs (Figure 10 ). htp-1 mutants are defective in pairing of autosomes and assemble SCs between nonhomologous chromosomes, and they exhibit reduced RAD-51 foci reflecting reduced DSB formation and/or altered kinetics of repair [34, 35] ; htp-3 mutants are defective in pairing and SC formation for all chromosomes and appear to lack DSBs [36, 37] . We find that despite the deficit or lack of COs in the htp-1 and htp-3 mutants, the zone of DSB-2 and SUN-1 S8P-positive nuclei was not extended (Figures 10, 7) . This finding suggests that HTP-1 and HTP-3, or features of axis organization that are dependent on these proteins, are needed for DSB-2 and SUN-1 S8P to persist when CO recombination intermediates are absent.
DSB-2 marked nuclei require RAD-50 for formation of RAD-51 foci after irradiation
In addition to acquiring and subsequently losing competence to form DSBs during meiotic prophase progression, C. elegans germ cells also switch on, then subsequently switch off, a specialized meiotic mode of DSB repair [6, 13, 38, 39] . Whereas switching on this meiotic DSB repair mode enables formation of inter-homolog intermediates capable of yielding COs, switching off this repair mode is proposed to facilitate repair of any remaining DSBs in order to guarantee restoration of genome integrity prior to cell division. One notable feature of this specialized meiotic DSB repair mode is a requirement for RAD-50 to load RAD-51 on DSBs induced by gamma-irradiation: whereas essentially all germ cells in wild-type gonads rapidly acquire RAD-51 foci following gamma-irradiation, formation of irradiation-induced RAD-51 foci is strongly inhibited in a specific subset of rad-50 mutant germ cells, from meiotic prophase onset until after the transition to late pachytene [6] . Thus, dependence on RAD-50 for RAD-51 loading at DSBs provides a means to visualize germ cells in which the meiotic DSB repair mode is engaged.
We used this feature to test the hypothesis that the presence of DSB-2 on chromatin correlates with engagement of the meiotic mode of DSB repair. By co-staining for DSB-2 and RAD-51 following irradiation of rad-50 mutant gonads, we found a striking correspondence between the nuclei in which DSB-2 was present on chromatin and the nuclei in which RAD-51 loading was inhibited ( Figure 11A ). Further, we similarly observed strong correspondence between the presence of DSB-2 and inhibition of RAD-51 loading in htp-1; rad-50 double mutant gonads, in which both features are restricted to a smaller region of the germ line than in the rad-50 single mutant [6] ; Figure 11B ). Moreover, in both rad-50 and htp-1; rad-50 gonads, nuclei exhibited this inverse correlation between DSB-2 and RAD-51 staining even when neighboring nuclei were in a different mode. In the context of a model in which association of DSB-2 with chromatin is a marker for a DSB-competent state, these results suggest that competence for DSB formation and utilization of the meiotic DSB repair mode are coordinately turned on and shut off, and that coordination of these processes occurs at the level of individual nuclei.
Discussion
DSB-2 as a regulator of DSB competence
In this work, we identify DSB-2 as a protein that is required for efficient meiotic DSB formation and that localizes to chromatin during the stages of meiotic prophase when DSBs are thought to form. DSB-2 localizes to chromatin independently of SPO-11 (and thus of DSB formation) and is restricted to the region of the gonad where RAD-51 foci mark processed DSBs (from TZ to mid-pachytene). Further, the fact that exogenous DSBs induced by irradiation rescue the chiasma defect in dsb-2 mutant germ cells indicates that the downstream DNA processing and CO formation machinery are functional in the mutant. Moreover, the timing of disappearance of DSB-2 coincides with the cessation of DSB formation (implied by the disappearance of RAD-51 foci), suggesting a model in which removal of DSB-2 (and presumably other factors) results in shutting down of DSB formation. Based on these data, we propose that DSB-2 regulates competence for SPO-11-dependent DSB formation during C. elegans meiosis.
Several properties distinguish DSB-2 from other previously identified chromatin-associated proteins (HIM-17, XND-1 and HIM-5) that influence DSB formation in C. elegans. Whereas HIM-17, XND-1 and HIM-5 proteins localize to chromatin in nuclei throughout the germ line [8, 9, 10] , the presence of DSB-2 on chromatin correlates with the timing of DSB formation. Further, while him-17 and xnd-1 mutants display pleiotropic phenotypes indicating that HIM-17 and XND-1 have additional roles regulating germ line proliferation and/or organization [9, 40] , dsb-2 mutants are specifically defective in meiotic DSB formation. In addition, whereas XND-1 and HIM-5 affect DSB formation predominantly on the X chromosomes, DSB-2 is required for efficient DSB formation on all chromosomes. Together these data suggest that DSB-2 has a more direct role in promoting DSB formation than do HIM-17, XND-1 or HIM-5.
We interpret the region of the germ line where nuclei are positive for DSB-2 localization to represent the zone in which nuclei are competent to undergo DSB formation. Consistent with this interpretation, in meiotic mutants in which the DSB-2-positive zone is extended (and that are capable of making DSBs and loading RAD-51), RAD-51 foci are higher in number and persist beyond mid-pachytene [20, 21, 31, 32] . In principle, persistence of RAD-51 foci could be due to excess/prolonged DSB formation, delayed RAD-51 removal, or both. Thus, caution is warranted when using such mutants to estimate numbers of DSBs. We suggest that in mutants with an extended DSB-2 positive zone (in which the DSB machinery is functional) germ cells may continue to make additional DSBs for a prolonged period, whether or not they are ultimately competent to repair them.
How might DSB-2 control DSB competence? Given its broad yet uneven localization on chromatin, it might act by altering chromatin structure to create an environment that is permissive for the activity of SPO-11 and the DSB machinery. It might also act directly upon SPO-11 and the DSB machinery, by recruiting and/ or activating it at certain locations depending upon the underlying chromatin structure. It is intriguing that DSB-2 localizes to a few bright patches/foci in addition to its broader chromatin staining. The fact that these bright patches are absent in him-17 mutants, which are defective in DSB formation, suggests that the patches may have functional significance. A) and (B) Immunofluorescence images of gonads from the distal pre-meiotic region to end of pachytene, stained with DAPI and antibodies that recognize DSB-2 and SUN-1 S8P. The zone of DSB-2 and SUN-1 S8P-positive nuclei is extended in both spo-11 (A) and him-17 (B) mutants, which are defective in DSB formation. (C) Close-up images of fields of nuclei in early pachytene, as outlined in Figure 3A and (A), (B) above. WT as well as spo-11 nuclei show bright patches of DSB-2 staining, whereas him-17 nuclei do not. Scale bar, 15 mm. doi:10.1371/journal.pgen.1003674.g005
Evidence for feedback regulation coordinating multiple distinct aspects of the meiotic program
Immunofluorescence analyses of DSB-2 in both wild type and meiotic mutants were highly informative regarding how DSB formation is coordinated with multiple distinct aspects of the meiotic program. We found that presence of DSB-2 on chromosomes and the presence of SUN-1 S8P are highly correlated, despite the fact that neither feature is required for the other. Further, we identified CHK-2 as a common upstream regulator of these two features, and we suggest that CHK-2 links acquisition of competence for DSB formation (promoted by DSB-2) with nuclear/chromosomal processes required for successful pairing and synapsis of homologous chromosomes (mediated by SUN-1 at the NE). Moreover, the correlated removal of both DSB-2 and SUN-1 S8P at mid-pachytene, at the same time that RAD-51 foci disappear, further suggests the existence of coordinated regulatory mechanisms that shut down competence for DSB formation and change other properties of the nucleus as germ cells transition to a later stage of meiotic progression.
As seen in multiple experimental systems, DSB formation is restricted to a specific time window in early prophase, indicating that cells must have a means to shut down the meiotic DSB machinery [3] . However, little is known about what controls this transition. Recent evidence from Drosphila, mice and budding yeast suggests that ATM, a protein kinase involved in DNA damage response, may play a role in limiting meiotic DSB formation [41, 42, 43] . It was suggested that ATM is activated by meiotic DSBs and inhibits further DSB formation at the local level Figure 6 . DSB-2 and SUN-1 S8P are coordinately regulated by common upstream regulator CHK-2. Immunofluorescence images of gonads of indicated genotypes from the distal pre-meiotic region to end of pachytene, stained with DAPI and antibodies that recognize DSB-2 and SUN-1 S8P. Scale bar, 15 mm. (A) SUN-1 S8P is detected at the NE in meiotic prophase nuclei in the dsb-2 mutant germ line, indicating that although these features are coordinated during wild-type meiosis, acquisition of meiotic SUN-1 S8P does not depend on DSB-2. However, the SUN-1 S8P zone is extended in the dsb-2 mutant, indicating that the timing of its removal is affected. DSB-2 staining is absent from chromatin, indicating antibody specificity. (B) Main panel: Immunofluorescence images showing that localization of DSB-2 on chromatin and SUN-1 S8P staining at the NE are both severely reduced in the chk-2 mutant in the indicated meiotic region. Note: SUN-1 S8P signal remains present on some pre-meiotic nuclei and on late diakinesis oocytes in chk-2 mutants (data not shown; [23] ). Inset: Western blot of whole-worm protein lysates from the indicated genotypes (60 worms per lane) stained with anti-DSB-2 antibodies. The arrow indicates the DSB-2 protein (32 kD), which is absent in the dsb-2 mutant but is still present in the chk-2 mutant; the asterisk indicates a non-specific band that serves as a loading control. (C) The presence of DSB-2 on chromatin and SUN-1 S8P at the NE are correlated in the him-19 mutant, in which only a small subset of nuclei are positive for these marks. doi:10.1371/journal.pgen.1003674.g006 Regulation of Meiotic DSB Formation in C. elegans by triggering a negative feedback loop. Based on the current work, we propose that additional negative feedback regulation operates at the nucleus-wide level to mediate shutdown of DSB formation during C. elegans meiosis.
Our evidence that germ cells have the capacity to monitor and respond to the presence or absence of DSB-dependent CO-eligible recombination intermediates is based on the analysis of DSB-2 localization in various meiotic mutants. We found that DSB-2 persists in mutants with defects in DSB formation (spo-11, him-17, rad-50), in mutants with defects in early steps of DSB processing (rad-50, rad-51, rad-54), as well as in mutants that can make DSBs but repair them by pathways that do not yield inter-homolog COs (zhp-3, msh-5, cosa-1). Although we cannot exclude the possibility that different defects in these mutants elicit the same response, the parsimonious explanation is that DSB-2 persistence reflects a response to the common deficit shared by all of these mutants, i.e., the inability to generate CO recombination intermediates. Thus, we infer that CO-eligible recombination intermediates are required for removal of DSB-2 with WT timing. We propose a model in which the appearance of CO-eligible recombination intermediates results in a signal (or quenching of an inhibitory signal) that is necessary to trigger the shutdown of DSB formation, in part by removal of DSB-2 ( Figure 12 ). We suggest that this change occurs at the nucleus-wide level when cells sense that sufficient CO-eligible intermediates have been formed to guarantee one CO per chromosome pair. Once this requirement is met, cells are permitted to enter a different state of meiotic progression; if this condition is not met, cells experience a delay in this transition. This type of coupling can be viewed as analogous to checkpoint mechanisms that make cell cycle progression contingent upon fulfillment of a requirement to complete a monitored event. However, it is also appropriate to consider such a coupling as reflecting operation of a negative feedback circuit wherein the formation of threshold levels of a downstream product (i.e. COeligible recombination intermediates) feeds back to inhibit an earlier step in the pathway (i.e. DSB formation). Thus, we envision a regulatory network governing DSB formation that involves negative feedback operating on (at least) two levels, one that inhibits DSB formation locally (in a region where a DSB has already formed [41, 42, 43] ), and one that inhibits DSB formation nucleus-wide once sufficient CO-eligible recombination intermediates are established. This regulatory network would ensure that sufficient DSBs are made to guarantee that every chromosome pair undergoes a CO [13, 31, 39] , while protecting against excessive DSB levels or local concentration of DSBs that could have deleterious effects.
We further propose that multiple aspects of the meiotic recombination program undergo a coordinated transition that in wild type germ cells is marked by disappearance of DSB-2 and SUN-1 S8P (Figure 12 ). We proposed in a previous study that access to the homologous chromosome as a repair partner is shut down once sufficient CO-eligible recombination intermediates are formed [39] . We suggested that this transition occurs around midpachytene in WT germ lines, and we showed that inter-homolog access is prolonged in msh-5 mutants [39] . In light of the current results, an attractive possibility is that the appearance of sufficient CO-eligible recombination intermediates simultaneously signals both shut-down of DSB formation and shut down of interhomolog access for DSB repair. Moreover, we found that another specialized aspect of the meiotic DSB repair program, namely the dependence on RAD-50 for rapid loading of RAD-51 on IRinduced DSBs, is restricted to nuclei positive for DSB-2. This finding further strengthens the case that cessation of programmed DSB formation is coordinated with a major transition in the mode of DSB repair.
It is notable that in mutants defective for HORMA domain axis proteins HTP-1 and HTP-3, the DSB-2/SUN-1 S8P -positive zone is not extended despite the absence of CO-eligible recombination intermediates on most or all chromosomes. This finding raises the possibility that this family of proteins, which was previously implicated in the operation of checkpoint-like coupling mechanisms that coordinate early prophase chromosome movement, homolog recognition and SC assembly [34] , may also be required for operation of checkpoint-like mechanisms that make later events in meiotic progression contingent upon the formation of CO-eligible recombination intermediates.
We speculate that the regulatory network that coordinates this meiotic transition (i.e. the shutdown of DSB formation and accompanying changes) likely involves the activities of one or more protein kinases. As the CHK-2 protein kinase is required to promote the acquisition of both DSB-2 and SUN-1 S8P, it is likely that the disappearance of DSB-2 and SUN-1 S8P requires inactivation of CHK-2, suggesting that CHK-2 may be a key target of feedback regulation. Further, DSB-2 contains several potential phosphorylation sites both for CHK-2 and for the ATM/ ATR protein kinases [12, 44] . Future work will investigate the significance of these for DSB-2 function and regulation.
The fact that DSB-2 and SUN-1 S8P are coordinately removed in wild-type meiosis (and coordinately prolonged in mutants) implies that the NE also responds to signaling from CO-eligible recombination intermediates. Our findings confirm and extend the recent report of Woglar et al., who similarly showed that the SUN-1 phosphorylation is prolonged in spo-11 and rad-51 mutants and concluded that establishment of CO intermediates is necessary for exit from early pachytene (as defined by loss of phospho-SUN-1) [26] . The change in SUN-1 phosphorylation status at this transition may be indicative of global changes in properties of the nucleus that occur as it enters a different stage of meiotic progression; e.g., the fluidity of the nuclear membrane, which is modified upon entry into meiotic prophase [28] , may revert to a more constrained state similar to that of non-meiotic germ cells. Such a change would be analogous to the observed reversion to the non-meiotic mode of DSB repair that occurs at this same transition.
DSB-2 and SUN-1 may function in activation of the DNA damage checkpoint and apoptosis signaling While DSB-2 and SUN-1 S8P immunofluorescence signals become dimmer and disappear from most nuclei by the time they Figure 8 . DSB-2 and SUN-1 S8P persist in mutants defective for DSB repair. Immunofluorescence images of gonads of indicated genotypes from the distal pre-meiotic region to end of pachytene, stained with DAPI and antibodies that recognize DSB-2 and SUN-1 S8P. The zone of DSB-2 and SUN-1 S8P-positive nuclei is extended in all three mutants depicted: (A) rad-50, which is defective in both DSB formation and DSB repair; (B) and (C) rad-51 and rad-54, which are defective in DSB repair. In the rad-50 mutant germ line, pachytene nuclei have variable staining intensities, with some bright DSB-2 and/or SUN-1 S8P-positive nuclei scattered over the entire pachytene zone; this likely reflects the fact that although the rad-50 mutant lacks SPO-11-dependent DSBs, many nuclei enter meiotic prophase with existing DNA damage resulting from failure to repair lesions arising during DNA replication [6] . DSB-2 staining persists until the end of the pachytene region of the rad-51 and rad-54 mutant gonads, which are also shorter than the gonads of wild-type controls. Scale bar, 15 mm. doi:10.1371/journal.pgen.1003674.g008 reach the mid-pachytene region of the germ line, a few ''outlier'' nuclei show bright DSB-2 and SUN-1 S8P staining later in the pachytene region. Sometimes the chromatin in these nuclei has a clustered organization reminiscent of zygotene or early pachytene stages, but in contrast to earlier nuclei, these outlier nuclei have brighter DSB-2 staining covering most of the chromatin as well as high levels of RAD-51 foci. This difference suggests that these nuclei are arrested in their progression and may have triggered a checkpoint response. This response could be due to failure to make appropriate CO-eligible recombination intermediates and/or to the presence of excess or persistent DNA breaks. These processes may be inter-related: if the failure to make CO-eligible recombination intermediates keeps DSB formation active, this could increase the chance of accumulating levels of DNA damage that challenge the capacity for repair. Accumulation of high levels of DSB-2 and SUN-1 S8P may indicate that these nuclei are triggering the recombination/DNA damage checkpoint and will be targeted for future apoptosis. While these outlier nuclei may be Figure 9 . DSB-2 and SUN-1 S8P persist when CO formation is impaired. Immunofluorescence images of gonads of indicated genotypes from the distal pre-meiotic region to end of pachytene, stained with DAPI and antibodies that recognize DSB-2 and SUN-1 S8P. The zone of DSB-2 and SUN-1 S8P-positive nuclei is extended in: (A) the syp-1 mutant, which is defective for SC formation and for formation of interhomolog COs; and (B, C and D) the zhp-3, msh-5 and cosa-1 mutants, respectively, which are proficient for synapsis and DNA repair but are defective in conversion of DSBs to COs. Scale bar, 15 mm. doi:10.1371/journal.pgen.1003674.g009 Figure 10 . DSB-2 and SUN-1 S8P persistence requires axis proteins HTP-1 and HTP-3. (A and B) Immunofluorescence images of gonads of indicated genotypes from the distal pre-meiotic region to end of pachytene, stained with DAPI and antibodies that recognize DSB-2 and SUN-1 S8P. The zone of DSB-2 and SUN-1 S8P-positive nuclei is not extended in the htp-1 and htp-3 mutants, which lack major components of the meiotic chromosome axes, despite the fact that these mutants are impaired in formation of interhomolog COs. doi:10.1371/journal.pgen.1003674.g010 destined for apoptosis, however, they likely have not yet engaged the cell death program, as outlier nuclei are still detected in mutants lacking the pro-apoptotic factors CED-3 or CED-4 [11, 26] .
Meiotic recombination robustness in a changing germline environment
An intriguing aspect of the dsb-2 mutant phenotype is that the defect in meiotic recombination worsens with age. This implies that the DSB-1 protein retains some residual DSB-promoting activity in the absence of its paralog, but also indicates that the requirement for DSB-2 becomes more acute in older germ cells. Interestingly, CO distribution has also been found to differ between young and old WT C. elegans oocytes [45] . This suggests that meiotic recombination processes such as DSB formation and CO distribution are sensitive to changes in the germline environment that occur as worms age. However, the ability to achieve accurate and reliable meiosis in the context of a changing environment is advantageous for the reproductive success of the organism. The C. elegans reproductive system has substantial plasticity in this regard, as the duration of progression through meiotic prophase varies markedly with both sex and age and can be modulated dramatically in the female germ line by the availability of sperm [46] . The operation of feedback networks such as that demonstrated here provides a means to regulate and coordinate key events and transitions in a manner that buffers the system against a varying environment, thereby promoting reproductive success.
Materials and Methods
C. elegans strains
Strains were maintained at 20uC under standard conditions. Experiments were performed at 20uC unless otherwise noted. Strains used in this study:
AV334 unc-119 III; ruIs32 [Ppie-1::GFP-his-11; unc-119(+)] III mnT12 (IV;X) AZ212 unc-119 III; ruIs32 [Ppie-1::GFP-his-11; unc-119( 
Isolation, mapping and molecular identification of dsb-2 mutations
The dsb-2(me96) allele was isolated in a genetic screen for meiotic mutants exhibiting defects in chiasma formation or chromosome organization in diakinesis-stage oocytes, conducted in collaboration with M. Hayashi [47] . The AV334 strain used for this screen, which allows visualization of chromosomes using a germline-expressed GFP::histone H2B fusion protein, also contains a fusion of chromosomes IV and X. Parental (P0) L4 hermaphrodites were treated with ethyl methanosulfonate (EMS) as in [48] and were plated individually. F1 progeny were picked to individual plates to produce progeny, and pools of F2 progeny worms from each F1 plate were mounted on multi-well slides in anesthetic (0.1% tricaine and 0.01% tetramisole in M9 buffer) and their germ lines were visualized for meiotic defects. Two mutations affecting meiotic recombination, me95 and me96, were identified based on the presence of univalents at diakinesis in a the subset of F2s (from independent F1s) and were recovered by plating of siblings; repeated outcrossing (with N2) and selecting for the mutant phenotype removed the chromosome fusion as well as the GFP::H2B transgene. Mapping, complementation testing and sequencing revealed that me95 is an allele of zhp-3, containing a Cto-T transition that results in a premature stop at codon 348 of the predicted 387 amino acid coding sequence of K02B12.8a. Mapping of the me96 mutation (below) indicated that it identified a new component of the meiotic machinery.
Initial SNP mapping based on the methods of [49] and [50] placed me96 near genetic map position 20 on the right side of chromosome II. To select for informative COs near this region, rol-1 me96 unc-52 worms were crossed with CB4856 males, and Rol non-Unc F2 progeny were selected and genotyped for SNP pkP2117 at genetic map position 17.9 to select for COs occurring between this marker and unc-52 (genetic map position 23). Informative recombinants were assessed for me96 phenotype and Figure 11 . DSB-2 marked nuclei require RAD-50 for formation of RAD-51 foci after irradiation. Immunofluorescence images of rad-50 (A) and htp-1; rad-50 (B) mutant gonads from the distal pre-meiotic region to end of pachytene, stained with DAPI and antibodies that recognize DSB-2 and RAD-51. Worms were fixed and stained 1 hour after exposure to 5 kRad of gamma-irradiation. A reciprocal relationship is observed between DSB-2 and RAD-51 immunolocalization: in nuclei where DSB-2 signal is detected on chromatin, formation of irradiation-induced RAD-51 foci is inhibited, and in nuclei where IR-induced RAD-51 foci are present, DSB-2 is absent. The zone of DSB-2 staining/RAD-51 inhibition is indicated by brackets. (Occasional bright RAD-51 foci in the ''inhibited'' zone are thought to represent pre-existing DNA damage acquired during mitotic cell cycles in mutants lacking RAD-50, as they are both irradiation-and SPO11-independent [6] .) Arrowheads point to examples of nuclei that retain DSB-2 staining/RAD-51 inhibition in a region of the germ line where their neighbors do not. Scale bar, 15 mm. While the zone of DSB-2 staining/RAD-51 inhibition in the irradiated rad-50 single mutant extends from meiotic prophase entry to late pachytene, the zone of DSB-2 staining/RAD-51 inhibition is limited to a smaller domain from meiotic entry to the early pachytene region in the irradiated htp-1; rad-50 double mutant. doi:10.1371/journal.pgen.1003674.g011 Figure 12 . Model for regulatory network coordinating DSB competence with other aspects of meiotic progression. (A) Diagram depicting progression of germ cells through meiotic prophase. DSB-2 localization to chromatin (magenta) and SUN-1 S8P (green) at the nuclear envelope (NE) indicate a cellular state in which chromatin is permissive for DSB formation by SPO-11. Once a germ cell senses that sufficient COeligible inter-homolog (IH) intermediates have been formed to guarantee one CO per chromosome pair, the cell responds by shutting down both DSB formation and several specialized features of the meiotic mode of DNA repair (access to the homolog as a repair partner, dependence on RAD-50 for RAD-51 loading). This coordinate transition corresponds to removal of DSB-2 from chromatin and loss of SUN-1 S8P, and enables progression to CO designation and maturation of CO sites. In some nuclei, persistent DNA damage and/or lack of CO-eligible IH intermediates can lead to increased DSB-2 on chromatin (purple) and persistence of SUN-1 S8P at the NE, features that may mark germ cells destined for apoptosis. (B) The CHK-2 protein kinase acts as a common upstream regulator of both DSB-2 localization on chromatin and SUN-1 S8P at the NE, which function in parallel to promote competence for DSB formation (DSB-2) and homologous chromosome synapsis (SUN-1 S8P) . Both of these processes are essential for formation of inter-homolog COs. The emergence of sufficient CO-eligible repair intermediates leads to negative feedback regulation by which DSB-2 and SUN-1 S8P are removed, shutting down DSB formation and leading to a change in nucleus state and properties. This coordinated negative feedback regulation may occur through common regulator CHK-2. doi:10.1371/journal.pgen.1003674.g012 typed using additional SNP markers in the region, narrowing down the position of me96 to a 165 kb interval (between SNP markers uCE2-2315 and uCE2-2332) comprising 36 candidate genes. RNAi of candidate genes was performed using bacterial clones from the RNAi feeding library [51, 52] as in [53] . Worms used were AZ212 worms, which contain GFP::histone, as this genotype was shown to be more sensitive to RNAi [54] . RNAi against candidate gene F26H11.6 (at 15uC, but not at 20uC) phenocopied the me96 mutation, eliciting a mixture of bivalents and univalents at diakinesis. Sequencing identified a T-to-A transversion generating an early stop at codon 14 (TTA = .TAA) of the predicted F26H11.6 coding sequence (280 codons total) in the me96 mutant.
A second dsb-2 allele (me97) was isolated independently in a screen for mutants with altered numbers of GFP::COSA-1 foci (which mark CO sites in late pachytene); me97 fails to complement me96 and contains a premature stop at codon 168, further confirming the identity of F26H11.6 as the dsb-2 gene. Except where otherwise noted, all analyses were conducted using the me96 allele.
Assessment of inviable embryos and males
L4 hermaphrodites were picked to individual plates, allowed to lay eggs, and transferred to fresh plates every 24 hours for three days. Hermaphrodites start laying eggs after they transition from L4 to adult, and lay most eggs in the first three days. Inviable embryos that do not hatch are indicative of autosomal missegregation, while male progeny indicate X-chromosome missegregation. Eggs from eight dsb-2(me96); rol-1(e91) hermaphrodites (where rol-1 is a marker with no meiotic defects) were counted. The number of eggs counted for each day is: 573 (day 1), 879 (day 2) and 488 (day 3), with an average of 243 eggs per hermaphrodite over the three day interval.
Cytological methods
Numbers of DNA bodies present in diakinesis oocytes were assessed in intact adult hermaphrodites of indicated age, fixed in ethanol and stained with 49,6-diamidino-2-phenylindole (DAPI) as in [40] . This method underestimates the frequency of achiasmate chromosomes, as some univalents lie too close to each other to be resolved unambiguously. Numbers of nuclei scored were: 88 and 106 for dsb-2 worms, 1 day and 2 day post L4 respectively; 43 and 57 for WT worms, 1 day and 2 day post L4 respectively. Numbers of GFP::COSA-1 foci in late pachytene nuclei of live anesthetized worms (0.1% tricaine and 0.01% tetramisole in M9 buffer ) were quantified by taking 3D image stacks on a DeltaVision microscope. GFP foci were counted in the last five rows of pachytene nuclei; only nuclei completely contained within the stack were scored, and nuclei with features indicative of apoptosis (compact and bright mCherry::histoneH2B signal) were excluded. 24 h control data were from fixed immunofluorescence images [13] . Numbers of nuclei scored: dsb-2 24 h, n = 127; dsb-2 48 h, n = 101; WT 24 h, n = 76; WT 48 h, n = 78. (Note: Whereas most nuclei in a mutant that lacks DSBs and COs have zero COSA-1 foci, 20% have one or two foci presumably reflecting non-specific aggregation of CO proteins when a suitable substrate is absent [13] . Thus, a subset of dsb-2 nuclei with one or two COSA-1 foci may similarly lack COs, especially at 48 h post L4 where nuclei with zero foci are frequent.)
Immunofluorescence was conducted as in [55] with minor modifications. Unless otherwise noted, all experiments were performed at 40-48 hours post L4. Worms were cut at the vulva to dissect the gonads (in egg buffer with 0.1% Tween-20) and fixed with 1% paraformaldehyde (in egg buffer) for 5 minutes. Slides (Superfost Plus) were covered with a coverslip and frozen in liquid nitrogen. The coverslip was removed, and slides were immersed in cold (220uC) methanol for 1 minute. Slides were washed three times for 8-10 minutes in phosphate-buffered saline containing 0.1% Tween-20 (PBST) and then blocked for one hour with 0.5% bovine serum albumin (BSA) diluted in PBST. Primary antibody solution was added (50 ml) on top of the dissected gonads and covered with a parafilm square. Slides were incubated overnight in a humid chamber at room temperature, then washed three times for 8-10 minutes in PBST. Secondary antibody solution was added (50 ml) and slides were incubated with parafilm cover for 2 hours at room temperature in the dark. Slides were washed three times with PBST and incubated for 5 minutes with 2 mg/ml DAPI solution in the dark, followed by two more washes. Slides were mounted with Vectashield and the coverslip was sealed with nail polish.
The following primary antibodies were used at the indicated dilutions in PBST with 0.5% BSA: guinea pig anti-HIM-8 (1:500) [16] , rabbit anti-HIM-3 (1:200) [17] , guinea pig anti-SYP-1 (1:200) [18] , rabbit anti-RAD-51 (1:500) [21] , guinea pig anti-SUN1 S8P (1:1000) [23] , rabbit anti-DSB-2 (1:5000), rat anti-RAD-51 (1:250), guinea pig anti-DSB-1 (1:500) [11] .
An affinity-purified rabbit polyclonal antibody against DSB-2 was generated by SDIX (Newark, DE) using the C-terminal 100 amino acids of F26H11.6 as the immunogen. Specificity of the antibody was demonstrated both by the lack of chromatin staining in immunofluorescence analysis of dsb-2 mutant gonads ( Figure 6A ) and by Western blot analysis ( Figure 6B ).
Rat anti-RAD-51 antibody was generated using a His-tagged fusion protein expressed from plasmid pET28a containing the entire RAD-51S coding sequence [56] ; immunizations and bleeds were performed by SDIX. Rat anti -RAD-51 was affinity purified against membrane-bound protein as described in [57] with the following modifications: nitrocellulose membrane was blocked in 5% milk in 16TBST; and, eluates containing rat anti -RAD-51 were further purified by dialysis with 12-14 kDa dialysis tubing (Spectrum) in 16TBST for 1 hour and overnight at 4uC. Specificity was demonstrated by showing that rat anti-RAD-51 foci colocalize with rabbit anti-RAD-51 foci [21] by immunofluorescence and that these recombination-dependent foci are eliminated in spo-11(me44) gonads.
All secondary antibodies were Alexa Fluor goat from Invitrogen used at 1:200 dilution in PBST with 0.5% BSA.
Immunofluorescence images were acquired using the DeltaVision microscopy system (Applied Precision) and deconvolved using softWoRx software. Images shown are maximum-intensity projections of Z-stacks acquired at 0.3 mm intervals.
Quantitation of RAD-51 foci
For each wild-type germ line evaluated, RAD-51 foci were quantified in 8 contiguous rows of pachytene nuclei from the region where foci were most abundant. The average distance (in rows of nuclei) between the position of this peak and the end of the transition zone was calculated for wild-type germ lines, and this distance was used to define the corresponding regions to be scored in dsb-2(me96) mutant germ lines (in which the abundance of RAD-51 foci was low throughout). Quantitation was carried out on deconvolved 3D image stacks using SoftWoRx software; only nuclei that were completely contained with in the image stack were scored. Occasional atypical nuclei with condensed, bright DAPI signals were excluded. Numbers of nuclei scored: WT, n = 335; dsb-2, n = 196.
Western blot analysis
For each genotype, sixty adult worms (24 hours post-L4) were picked into M9+0.05% Tween 20, washed gently three times, then lysed by resuspension in 26 Laemmli Sample Buffer (Bio-Rad). Gel electrophoresis was performed on a 4-15% Criteriot TGX gradient gel (Bio-Rad), followed by transfer of proteins to a PVDF membrane. Blots were probed with rabbit anti-DSB-2 (1:1000 in 5% milk) for 2 hours, followed by HRP-conjugated secondary antibody and detection by ECL.
Rescue of chiasma formation by gamma-irradiation Worms were exposed to 1 kRad (10Gy) of gamma-irradiation using a Cs-137 source. The 1 kRad dose was chosen based on its sufficiency to restore chiasmata to 95% of chromosome pairs in affected nuclei of the spo-11(ok79) mutant [6] . Worms were irradiated at 36 hours post L4, and the number of DNA bodies at diakinesis was assessed in worms fixed at 18 hours post-irradiation, for both dsb-2 and age-matched spo-11 mutants. The dsb-2 worms also carried the rol-1 marker, which does not affect meiosis. This assay tends to underestimate the incidence of achiasmate chromosomes, as some lie too close together to be resolved. Numbers of nuclei scored were: 71 and 76 for dsb-2 worms, untreated and irradiated respectively; 76 and 45 for spo-11 worms, untreated and irradiated respectively.
Assessment of RAD-51 foci following gamma-irradiation
Worms were exposed to 5 kRad (50Gy) of gamma-irradiation using a Cs-137 source. Formation of RAD-51 foci was assessed by immunofluorescence in gonads dissected and fixed 1 hour after irradiation. Germ lines from rad-50 and htp-1; rad-50 mutants were irradiated at 24 hours post-L4, and stained with DAPI, RAD-51 antibody and DSB-2 antibody. Germ lines from dsb-2 mutants were irradiated at 48 hours post-L4 and stained with DAPI and RAD-51 antibody. Figure S1 Multiple sequence alignment of DSB-2 family proteins. Multiple sequence alignment of DSB-2 family proteins produced by T-Coffee, a consistency-based aligner (a class known for increased accuracy, at the expense of slower speed) [58] . The alignment was produced in PSI-Coffee mode, recommended for alignment of remote homologues. The scores and associated color scheme represent consistency values, with the overall sequence score (top left) showing the relative fit of each sequence within the alignment. The red-colored residues represent reliably-aligned portions, while blue and green-colored stretches represent unreliable portions of the alignment. An asterisk (*) indicates positions that have a single, fully conserved residue. A colon (:) indicates conservation between amino acid groups of strongly similar properties (scoring .0.5 in the Gonnet PAM 250 matrix). A period (.) indicates conservation between amino acid groups of weakly similar properties (scoring #0.5 in the Gonnet PAM 250 matrix). The protein family shows two reliably aligned domains, corresponding to F26H11.6 (DSB-2) residues 1-103 and 195-251. These domains show some conserved stretches, most prominently a (D/E/Q) GFR (V/L) (T/S/L) motif, and a (I/V) QT (D/E) motif. These two domains are connected by a stretch containing several SQ residues, which are potential targets for phosphorylation, and are highlighted by black boxes. (TIF) Figure S2 Phylogenetic tree of DSB-2 family proteins. Average distance phylogenetic tree of DSB-2 family proteins generated using BLOSUM62 matrix. This tree is based on the T-Coffee alignment. This protein family is highly divergent, with the two closest members showing only 51% identity (CBG03330_briggsae and RP45881_remanei). The F26H11.6 (DSB-2) protein shows ,30% identity with any member of the family. Multiple sequence alignment and associated phylogenetic trees suggest that an early duplication event occurred before the species separated, and that the F26H11.6 branch is diverging more rapidly. The slightly more conserved F08G5.1 (DSB-1) branch reflects the evolutionary relationship of the species [59] . (TIF)
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